Wasserstrom JA. Ultrastructural and cellular basis for the development of abnormal myocardial mechanics during the transition from hypertension to heart failure.
transients were studied using confocal microscopy. In SHRs, abnormalities in myocardial mechanics occurred early in response to hypertension, before the development of overt systolic dysfunction and HF. Reduced longitudinal, circumferential, and radial strain as well as reduced tissue Doppler early diastolic tissue velocities occurred in concert with T-tubule disorganization and impaired Ca 2ϩ cycling, all of which preceded the development of cardiac fibrosis. The time to peak of intracellular Ca 2ϩ transients was slowed due to T-tubule disruption, providing a link between declining cell ultrastructure and abnormal myocardial mechanics. In conclusion, subclinical abnormalities in myocardial mechanics occur early in response to hypertension and coincide with the development of T-tubule disorganization and impaired intracellular Ca 2ϩ cycling. These changes occur before the development of significant cardiac fibrosis and precede the development of overt cardiac dysfunction and HF.
hypertension; T-tubules; ventricular mechanics; heart failure; calcium transients HYPERTENSION (HTN) is the most common modifiable risk factor for heart failure (HF) (14, 43) . During the transition from HTN to HF, along with the development of left ventricular (LV) hypertrophy (LVH), maladaptive myocardial mechanics (such as reduced longitudinal diastolic tissue velocities and reduced peak systolic strain) can occur and represent a form of "subclinical" (stage B) HF (1, 15) . HTN leads to pressure overload, resulting in variable levels of LVH, fibrosis, and ischemia, eventually leading to overt cardiac dysfunction and HF (14) . The Multi-Ethnic Study of Atherosclerosis, which used cardiac magnetic resonance tagging to measure regional strain as an indicator of systolic and diastolic myocardial mechanics, found that abnormalities in strain occur with concentric LV remodeling (35) and LVH (8) . In addition, using tissue Doppler and speckle-tracking echocardiography, several studies (18, 20, 28, 34, 36, 40) have found that abnormalities in myocardial mechanics occur in patients with HTN, before more evident signs of cardiac dysfunction.
Given the importance of preventing HF in the general population, further investigation of the abnormal myocardial mechanics that occur during the transition from HTN to HF is critical. Improved understanding of the ultrastructural and cellular changes that underlie abnormalities in cardiac structure and function, including myocardial mechanics, would therefore provide valuable insights into the pathophysiological basis of the transition from HTN to HF. At the cellular level, transverse (T)-tubule disruption is a feature common to animal models of HF as well as human HF (23) . T-tubule disruption also occurs in response to an acute, sudden rise in afterload, before the development of overt HF (42) . This critical change in cell ultrastructure alters the ability of Ca 2ϩ to influx through the L-type Ca 2ϩ channel to induce Ca 2ϩ release from the sarcoplasmic reticulum (SR), since the efficiency of this process is highly sensitive to the spatial organization of the Ca 2ϩ -release unit (41) . Given the integral role of Ca 2ϩ cycling in normal myocyte function and the abnormalities in excitation-contraction coupling that occur in conjunction with HTN (6), we hypothesized that T-tubule disorganization and the resultant abnormalities in Ca 2ϩ signaling underlie the abnormalities in myocardial mechanics that occur early in response to HTN, before the development of overt HF.
Here, we report a comprehensive investigation of the relationships between subclinical changes in myocardial mechanics, assessed using advanced echocardiographic imaging techniques, and the statistical dynamics of changes in cell ultrastructure and function that arise in response to HTN in the spontaneously hypertensive rat (SHR), a model of gradualonset HTN that ultimately leads to HF.
MATERIALS AND METHODS
Research strategy. The goal of these experiments was to use several approaches to investigate how T-tubule disruption influences intracellular Ca 2ϩ cycling and, in turn, how these cellular changes affect overall cardiac function and myocardial mechanics during the transition from HTN to HF. This combination of approaches required several measurements, including T-tubule organization among a large population of myocytes, Ca 2ϩ transient characteristics among a similarly large cell population, and whole heart function through advanced echocardiographic analysis. All animal experiments were conducted according to a protocol approved by the Institutional Animal Care and Use Committee of Northwestern University.
Wistar-Kyoto (WKY) control rats and SHRs (Charles River Laboratories, Wilmington, MA) were used in this study to investigate the early changes in cardiac function in response to HTN, the development of hypertrophy, and the early stages of HF. Each rat was studied using echocardiographic imaging just before euthanization to provide a detailed analysis of cardiac structure and function in vivo. The heart was then removed, and T-tubule organization was measured using a modification of the approach used by Wei and colleagues (42) in which di-4-ANEPPS was used to stain T-tubule membranes, which were then imaged using confocal microscopy of large numbers of myocytes in the subepicardium of the intact rat LV. Finally, the heart was loaded with the Ca 2ϩ -sensitive dye fluo-4 AM to measure Ca 2ϩ cycling in a large number of cells in the same cardiac region using confocal imaging (41) .
Echocardiography and blood pressure measurement in WKY rats and SHRs. Blood pressure was measured in awake animals using the tail-cuff method according to published guidelines with a CODA noninvasive blood pressure monitor (Kent Scientific, Torrington, CT), which uses volume-pressure recording technology (19) . Next, each rat was lightly anesthetized in a chamber containing 1-2% isoflurane and supplemental O2 with inhalation via a nosecone to maintain a heart rate of Ͼ250 beats/min and to maintain spontaneous respiration. An experienced research sonographer specializing in small animal echocardiography then performed comprehensive two-dimensional (2-D), M-mode, Doppler, tissue Doppler, and speckle-tracking echocardiography using a GE Vivid 7 echocardiography machine with an i13L 11-to 14-MHz small animal linear transducer (GE Medical, Milwaukee, WI) as previously described (30, 32) .
Standard parasternal long-and short-axis as well as apical four-and five-chamber 2-D and M-mode views were obtained. In each view, at least six cardiac cycles were captured at high frame rates (Ͼ14 frames/cardiac cycle, ϳ60 -80 frames/s). LV dimensions, wall thickness, mass, ejection fraction (EF), fractional shortening, and comprehensive diastolic function (including mitral inflow velocities, deceleration time, isovolumic relaxation time, and longitudinal mitral annular tissue velocities via tissue Doppler imaging) were measured offline using GE EchoPAC software (GE Medical). Speckle-tracking echocardiographic analysis was also performed using EchoPAC to calculate circumferential and radial midwall strain (in the short-axis view through the papillary muscles) and longitudinal strain (in the parasternal long-axis view). Strain was determined at the peak of systole, averaged across three cardiac cycles. We determined the duration of systole using Doppler flow profiles across the aortic valve. By measuring the time from the onset of QRS to the end of ejection (via the transaortic flow), we were able to determine the time point of end systole in the strain curves, and we used this information to determine peak systolic strain. Global strain values were obtained by averaging regional (segmental) strains (9, 30, 32) .
Measurement of T-tubule organization in myocytes of the intact rat heart. We measured T-tubule organization in a manner similar to those previously reported in isolated myocytes and in the intact rat heart (41, 42) . This approach is based on staining the intact heart using di-4-ANEPPS (8 -10 M) and then recording z-stacks using confocal microscopy (excitation at 488 nm, emission at Ͼ520 nm, ϫ40 Zeiss Apochromat water-immersion objective with numerical aperture ϭ 1.2, pixel size ϭ 0.45 m). Each rat was anesthetized, and the heart was removed and cannulated on a Langendorff apparatus located on the stage of an inverted Zeiss LSM510 confocal microscope. Perfusion was adjusted so that pressure was maintained at 60 -100 mmHg, and the heart was placed horizontally in an experimental chamber with a glass bottom so that the LV faced downward toward the objective. Temperature was maintained at 26°C. The solution was then recirculated, and di-4-ANEPPS was added to the superfusate. As described in a previous publication (41) , contraction was abolished by a combination of cytochalasin D (60 M) and blebbistatin (25 M, Sigma) to the recirculating solution. z-Stacks were recorded from 20 -30 LV subepicardial sites in the midmyocardial region so that at least 100 myocytes could be imaged.
T-tubule organization was measured by extracting an image from the center of each cell from the z-stack, omitting the cell membrane, and analyzing each image file using customized Matlab software to obtain a mean power spectrum from the fast Fourier transform (FFT) of each longitudinal pixel row of the myocyte image. With the length of the T-tubules expected to be 2.5 m, the spatial frequency of the T-tubules was expected to be 0.4 m Ϫ1 . Highly organized T-tubule structures should therefore have a distinct peak in the power spectrum near the 0.4-m Ϫ1 frequency. Thus, T-tubule organization was estimated as the total area of the power spectrum in the 0.33-to 0.5-m Ϫ1 frequency band (band 1) relative to the total areas under band 1 and the adjacent 0.2-to 0.33-m Ϫ1 band (band 2). Band 2 includes both background and the signal for disorganized tubules which increases during remodeling, so that the OI reflects both the loss of organized T-tubules and the increase in poorly organized tubules. The range of this proposed organization index (OI) can be as high as 0.95 in a cell with a nearly perfect T-tubule network, where the area of band 1 will be significantly greater than the area of band 2 but rarely lower than ϳ0.5 when T-tubules are nearly absent and bands 1 and 2 are nearly equal. This approach avoids complications in interpretation when only the peak area is measured, which does not account for differences in cell dimensions or scan quality. Note also that OI was measured in at least 100 myocytes from each heart to obtain a reliable average and SD for that heart.
Measurement of Ca 2ϩ transients. Measurements of Ca 2ϩ transients were made in a subset of the WKY rats and SHRs in each age group. After three-dimensional imaging was completed, the heart was perfused with fresh Tyrode solution for 10 min, at which point recirculation was again initiated. Fluo-4 AM was added in three increments (15, 12 , and 10 M, 20 min each), the heart was washed with fresh solution for 10 min, and the solution was again recirculated with cytochalasin D and blebbistatin. Hooked stimulating electrodes were placed in the LV apex so that the heart could be paced at a basic cycle length of 700 ms. A pseudo-ECG was also recorded using AgCl2 wires placed on either side of the heart (Bioamplifier 8, WPI). Intracellular Ca 2ϩ transients were recorded in the transverse direction by placing the scan line across multiple cells (typically 10 -12 cells) or along the long axis of one myocyte in the same midmyocardial region from which z-stacks were recorded. Because of spectral overlap between di-4-ANEPPS and fluo-4, this approach did not allow the quantification of either resting or peak Ca 2ϩ release but did allow measurements of the kinetics of Ca 2ϩ cycling, particularly those related to Ca 2ϩ release. For the experiments described in this study, we focused on the time to peak (TTP) of the Ca 2ϩ transient, which is the parameter most sensitive to changes in T-tubule organization and altered triggering of Ca 2ϩ -induced Ca 2ϩ release from the SR. To take a representative sample from each heart, Ca 2ϩ transients from ϳ50 myocytes were measured to obtain an average of TTP, which was then related to mean or SD for OI in the same heart.
Measurement of cardiac fibrosis. Hearts from WKY rats and SHRs of different ages were perfused with 2% paraformaldehyde, embedded in paraffin, and sectioned (4 m). Three contiguous transverse sections were cut in the midmyocardium and stained with Masson trichrome stain to determine extent of cardiac fibrosis. The free wall of the LV was mapped with a series of bright-field images (ϫ4) for all three sections. Images were analyzed using customized Matlab software in which thresholding was used to distinguish myocytes from regions of fibrosis, which was measured as the percentage of total LV free wall area in each image and averaged from all three sections for each heart. Statistical analysis. All data are presented as means Ϯ SD. For ease of displaying and comparing blood pressure, heart rate, heart and body weight, and echocardiographic data, we divided rats into the following three age groups: 2-6, 7-11, and 12-17 mo. Next, we compared SHRs with WKY rats for each parameter within each age group using t-tests. Within each type of rat, we evaluated the association between age and each parameter using linear regression with the physiological or echocardiographic parameter as the dependent variable and age (entered into the model as a continuous variable) as the independent variable. Finally, we pooled data from all rats and performed linear regression analysis for each echocardiographic parameter with age (continuous variable) and rat type as independent variables so that we could determine whether rat type (i.e, HTN) was associated with each parameter independent of age.
For T-tubule and Ca 2ϩ transient data, event histograms were calculated for the number of events for each bin width for each parameter presented. Both the mean and variability (SD) of parameters such as T-tubule OI were compared with echocardiographic and Ca 2ϩ transient data using correlation coefficients. We performed intra-and interobserver variability analyses of the speckle-tracking analyses on 10 randomly selected rats (n ϭ 5 WKY rats and n ϭ 5 SHRs) to calculate the reproducibility of our methods. All measurements were made in a blinded fashion. The intraclass correlation, mean bias, and coefficient of variation for these analyses are shown in Table 1 .
Two-sided P values of Ͻ0.05 were considered statistically significant. We corrected for multiple comparisons using the false discovery rate method. False discovery rate Q values were calculated using the Benjamini-Hochberg method (2) . All statistical analyses were performed using Stata (version 12.0, StataCorp, College Station, TX).
RESULTS

Abnormal myocardial mechanics occur early in the SHR, before signs of global cardiac dysfunction and HF.
We observed several changes in cardiac structure and function during prolonged exposure to HTN in the SHR (Table 2) , before the development of HF. Similar changes occurred with aging in WKY rats, but these changes were delayed and less profound compared with SHRs. After controlling for age and body weight on linear regression analysis, SHRs had higher heart weight [␤-coefficient: 0.31 g (95% confidence interval: 0.14 -0.48 g), P Ͻ 0.001] compared with WKY rats. As previously described (37) , prolonged exposure to HTN in the SHR resulted in increases in LV wall thickness and mass, which were Values are means Ϯ SD. WKY rats, Wistar-Kyoto rats; SHRs, spontaneously hypertensive rats; LV, left ventricular; E, early diastolic mitral velocity; A, late (atrial) diastolic mitral velocity; e=, early mitral annular tissue velocity; s=, systolic mitral annular tissue velocity. All listed significant P values remained significant after accounting for the false discovery rate. *P value for linear trend across ages (i.e., linear regression analysis with age entered as a continuous independent variable and each parameter as the dependent variable). †SHR (i.e., hypertension)-associated parameter (P Ͻ 0.05) after adjustment for age. ‡P Ͻ 0.05 for the comparison of SHRs vs. WKY rats of the same age group. associated with abnormalities in mitral inflow indicative of the development of diastolic dysfunction by 12-17 mo of age in the SHR. However, our analysis of diastolic tissue velocities in the SHR demonstrated that early diastolic tissue velocity (e=) decreased much earlier (as early as 7 mo of age) in the SHR.
Analysis of global LV systolic function revealed that in the SHR, slight reductions in EF occurred by 7-11 mo, with more significant decreases occurring by 12-17 mo. Conversely, using speckle-tracking echocardiography, we found that reductions in global circumferential strain occurred early in the SHR; decreased circumferential strain was present even at young ages (2-6 mo) in SHRs compared with WKY control rats. Both global circumferential strain and global radial strain decreased continuously with prolonged exposure to HTN in the SHR (Table 2 ). Global radial strain decreased dramatically between 2-6 and 7-11 mo of age, before the large decrease in global LV EF. However, there was no difference in global radial strain between SHRs and WKY rats in each age group. Global longitudinal strain was more sensitive to HTN exposure ( Table 2 and Fig. 1 ). Global longitudinal strain was lower in SHRs compared with WKY rats at each time point, and the overall decline in global longitudinal strain was steeper with aging in SHRs compared with WKY rats.
All of the aforementioned changes in the SHR occurred before the development of HF; none of the SHRs in the present study (2-17 mo of age) had symptoms or signs of overt HF such as lethargy, dyspnea, or increased lung weight, all of which occur later in SHRs (ϳ20 -24 mo of age). Figure 2 shows the changes in T-tubule organization during disease progression in the SHR model. Figure 2A shows representative 2-D images of di-4-ANEPPS staining of the mid-LV subepicardium taken from z-stacks showing T-tubule organization in multiple myocytes at different ages in both WKY rats and SHRs. At 9 mo, T-tubules were highly organized in all cells in the WKY heart and nearly as well organized at 17 mo. In contrast, some myocytes showed poor T-tubule organization in the 9-mo-old SHR; T-tubule disorganization was apparent in nearly all myocytes in the 17-mo-old SHR. For purposes of comparison, Fig. 2A,i shows di-4-ANEPPS staining of an HL-1 atrial tumor cell. These cells have no T-tubules but show strong staining of the sarcolemma, demonstrating the sarcolemmal specificity with this membrane dye and that there was no internal staining of any intracellular organelles. Figure 2B shows an example of a myocyte from a 9-mo-old WKY rat with highly organized T-tubules whose Ca 2ϩ transient increased synchronously and rapidly along the entire cell length (measured along the white line in the 2-D image; see the average intensity profile above the line scan image, Fig. 2C ). The T-tubule OI in that myocyte was high (0.91), as measured from the FFT in Fig. 2D . In contrast, a myocyte from a 16-mo-old SHR with no obvious T-tubules showed almost no peak in band 1, and the OI derived from the FFT (Fig. 2 , E-G) was 0.61. The line-scan image in Fig. 2F shows the fractionation of Ca 2ϩ release along the cell length with many cellular regions showing delayed release while others showed a fairly rapid release. Figure 2H shows representative examples of the distribution of OI measurements in large numbers of myocytes from five different SHR hearts representing different ages. There were several critical changes in the distribution of OIs with age, the most obvious of which was a general shift to lower OI values as SHRs aged. In addition, there was an increase in the width of the distribution (OI SD) with increasing age, demonstrating that not only is there an increase in the number of myocytes with poor T-tubule organization but that the variability in OI is also increased. When the changes in OI and OI SD with age were compared between WKY rats and SHR, there was an exaggerated agerelated decrease in OI in SHRs (Fig. 3A) . OI decreased in normal WKY hearts as well, but this was much less than in SHRs over the same time period. The most striking result shown in Fig. 3A is that mean OI decreased with increasing age in SHRs. Furthermore, the cell-to-cell variability in OI (OI SD; Fig. 3B ) increased with age and showed a steeper relationship with age in SHRs compared with WKY rats. Finally, these changes in OI occurred despite the fact that there were no signs of symptomatic HF or overt cardiac dysfunction, indicating that T-tubule disorganization (decreased OI) and heterogeneity (increased OI SD) occur early in the SHR, before the development of severe cardiac hypertrophy and dilation (and HF).
T-tubule disorganization occurs early in response to gradual-onset HTN, before overt cardiac dysfunction and symptomatic HF.
T-tubule disorganization results in abnormal Ca 2ϩ release early in the SHR. Figure 4 shows typical recordings of intracellular Ca 2ϩ transients obtained in WKY rats and SHRs at both young and old ages. Figure 4A shows a 2-D image of T-tubules (di-4-ANEPPS staining) from a 7-mo-old WKY rat with the associated transverse recording of Ca 2ϩ transients from the cells indicated by the position of the scan line (red arrow). Transients in all myocytes rose simultaneously during both basal pacing (basic cycle length: 700 ms) and during rapid pacing at a basic cycle length of 300 ms. The mean fluorescence profile for three representative cells (cells C1-C3) showed that Ca 2ϩ transients were quite similar among these myocytes. Note that T-tubule organization was high in all myocytes in the 2-D image in Fig. 4A , left. In contrast, Fig. 4B shows that in an 8-mo-old SHR, there were some cells whose Ca 2ϩ transient rose slowly and was low in magnitude (cell C1) compared with the other cells in this recording site, including representative cells (cells C2-C3). Myocytes with poor Ca 2ϩ release also had poor T-tubule organization in the 2-D image (Fig. 4B, left) . Figure 4C shows results from an older WKY rat, in which all myocytes still showed a rapid and simultaneous rise, just as in the younger WKY rat (Fig. 4A) , with all myocytes showing good T-tubule organization. However, nearly all myocytes in a SHR of the same age (Fig. 4D) showed low T-tubule organization and a corresponding slow rise and generally poor release, especially during rapid pacing.
These results demonstrate that there are some myocytes even in young SHRs that have poor T-tubule organization and, as a result, have abnormal Ca 2ϩ cycling (slow rise and small magnitude). In the same heart, however, most myocytes have high T-tubule organization with resulting fast and large Ca When the TTP of Ca 2ϩ transients was measured in large numbers of myocytes in several hearts, there was a distinct pattern that emerged, which reflected the progressive decrease in OI with age (Fig. 5) . Although slight changes were seen with aging in WKY rats, these changes in Ca 2ϩ transients were very abnormal with aging in chronic HTN (SHRs). Figure 5C shows the distribution of TTP values in an 8-mo-old SHR. Although there was clustering of TTP values at short times, indicating a large number of cells with normal, rapid Ca 2ϩ release, there was also a large proportion of cells with slower Ca 2ϩ release, as predicted by the increasing number of cells with low OI even at this early age. At a much older age (17 mo; Fig. 5D ), another SHR heart showed that very few myocytes demonstrated a short TTP and that there was a much broader distribution of TTP values, again reflecting the fact that OI values for myocytes at this age are both lower and more variable.
When the average TTP for each heart was plotted as a function of mean OI for that heart (Fig. 5E) , there was a close relationship, demonstrating that the TTP slowed markedly as OI fell. Moreover, as the variability in OI (OI SD) increased, there was an accompanying increase in the average TTP (Fig.  5F ), reflecting the influence that high intercellular variability in OI has to slow overall Ca 2ϩ release. Figure 5G shows the association of OI SD with Ca 2ϩ transient duration, which suggests that T-tubule organization relates to both Ca 2ϩ release and Ca 2ϩ uptake.
T-tubule disorganization occurs in concert with the development of LVH and underlies abnormalities in myocardial mechanics.
Comprehensive analysis of the association of T-tubule organization (at the cellular level) and whole heart structure and function (as assessed using echocardiography) demonstrated that there was a close correlation between T-tubule disorganization and abnormalities in cardiac structure and function, including systolic and diastolic cardiac mechanics, particularly in the SHR (Fig. 6 ). Tubule disorganization (reduced OI) and the heterogeneity of T-tubule disorganization (increased OI SD) correlated well with increased LV mass and LV end-diastolic dimension, reduced EF and global longitudinal strain, and worse diastolic function (decreased e=, increased isovolumic relaxation time, and increased E-to-e= ratio, which estimates LV filling pressures). OI and OI SD were also associated with cell width as a marker of individual myocyte hypertrophy (data not shown).
T-tubule disorganization and abnormal myocardial mechanics occur before the onset of myocardial fibrosis. Figure 7 shows examples of sections from WKY and SHR hearts at different ages (blue indicates fibrosis). At 7 mo and even at 16 mo, there was little evidence of fibrosis in WKY hearts. In contrast, significant fibrosis can be seen beginning at 12 mo in SHRs and becomes more apparent at 18 mo. The scatterplot in Fig. 7 shows the development of fibrosis during aging in both groups. Up to about 12 mo, the percentage of the LV free wall with fibrosis was similar for both WKY rats (open circles) and SHRs (filled circles). After 12 mo, fibrosis increased dramatically in the SHR. These results demonstrate that decreases in OI, increases in OI SD, and abnormalities in systolic and diastolic myocardial mechanics are all present well before the onset of significant fibrosis in the SHR.
DISCUSSION
Here, we have described the results of a large and comprehensive study of the development of HF in a rat model of chronic HTN that closely mimics human HTN. By combining advanced in vivo echocardiographic imaging techniques (speckle-tracking and tissue Doppler imaging) with state-ofthe-art confocal imaging, we were able to determine the ultrastructural and cellular basis for the abnormalities in myocardial mechanics that occur during the transition from HTN to HF. In addition, we definitively show here that even with chronic, slowly progressive HTN, T-tubule disruption and defects in Ca 2ϩ cycling are apparent at an early stage, before the development of cardiac fibrosis, overt cardiac dysfunction, and symptomatic HF, as shown in Fig. 8 . Finally, we show that HTN-induced T-tubule disruption in a growing population of cardiomyocytes, with resultant defective Ca 2ϩ cycling, is the cellular mechanism responsible for the early reductions in systolic and diastolic myocardial mechanics. Thus, in response to HTN, the most common cause of HF, subclinical systolic dysfunction and diastolic dysfunction occur simultaneously. Over time, with the involvement of a growing proportion of myocytes demonstrating T-tubule remodeling and defective Ca 2ϩ cycling, cardiomyocyte death gradually occurs and myocardial tissue is replaced by fibrosis, thereby worsening both systolic and diastolic dysfunction, ultimately leading to overt, symptomatic HF.
Our work has important implications in understanding the clinical course of the development of HF: 1) in a controlled model of HTN in rats, we have replicated the finding in humans that subclinical abnormalities in both systolic and diastolic myocardial mechanics occur in response to HTN and before the development of overt clinical HF; 2) although the syndromes of HF with reduced and preserved EF are distinct clinically, abnormalities in both systole and diastole are intimately intertwined, with both likely occurring to varying degrees in the individual patient; and 3) T-tubule disruption in response to stress is likely a common mechanism by which HF risk factors cause early, subclinical cardiac dysfunction and therefore underlie stage B (asymptomatic) HF and the progression to stage C (symptomatic) HF.
T-tubule disruption and cardiac function. The role of T-tubule disruption in the pathophysiology of abnormal triggering of Ca 2ϩ release in myocytes from failing hearts has been one of the most important recent observations about the cellular mechanisms underlying HF. Initial studies (13, 23) found that T-tubule disruption is present late in animals and humans with overt HF. These observations led to the question of whether T-tubule disruption is a cause or consequence of HF. An investigation of transverse aortic constriction (TAC) in rats (associated with an acute 80-mmHg rise in afterload) found that T-tubule disruption occurred in response to a severe, sudden increase in afterload and precedes the development of cardiac dysfunction and HF (42) . However, the clinical significance of the TAC model is unknown since human HTN is much more gradual (7, 12, 29) ; thus, before our study, the role of T-tubule disruption in the transition from HTN to HF was still unclear.
The SHR has important advantages over many other experimental models of HF in that it more closely mimics the clinical progression of hypertensive patients (and therefore may be more clinically relevant) than other models that use highly invasive procedures to induce cardiac dysfunction and failure over a short period (7, 12, 29) . We took advantage of the slow progression of HTN-induced HF in the SHR to investigate how T-tubule disruption in the myocyte leads to abnormal cellular Ca 2ϩ cycling and myocardial mechanics, which might explain how the HTN-induced heart disease progresses from early, asymptomatic stages to more advanced dysfunction and, finally, overt HF. Our results show that the observed abnormalities in diastolic and systolic myocardial mechanics (tissue Doppler e= and systolic strain, respectively) occur earlier than previously recognized and coincide with the onset of LV hypertrophy in the SHR, well before the development of overt signs of cardiac dysfunction.
The fact that OI decreased with age in SHRs to a greater degree than in WKY rats explains why there is a decline in systolic (e.g., global longitudinal strain) and diastolic (e.g., e=) parameters in SHRs compared with WKY rats. As T-tubule organization decreases, there is less synchronous contraction within each myocyte, a critical observation that has been reported previously and confirmed here (21, 22, 25, 39) . However, the fact that declining overall OI is associated with an increase in variability of OI is also likely to have a major contribution to declining cardiac function since the result will be a reduction in the efficiency of both contraction and relaxation. Most importantly, it is the population behavior across many myocytes in each heart that is critical to understanding how essentially cellular events provide the mechanism for HF development; the direct relationship between decline in both systolic and diastolic mechanics and T-tubule remodeling that involves a progressively increasing number of cells explains how disease progression occurs during prolonged HTN.
The molecular mechanism underlying T-tubule disruption in response to HTN is currently unknown but is an area of active investigation. Wei and colleagues (42) a TAC model of HTN. Whether JP-2 downregulation occurs in more gradual forms of HTN (e.g., SHRs) requires further study.
T-tubules and SR Ca 2ϩ release. We found that Ca 2ϩ release was highly sensitive to both the mean and variability of T-tubule organization. This was in fact predicted in previous studies (10, 11) , which reported a functional separation between triggering and release sites in myocytes from failing hearts well before T-tubule disruption was known to occur. We expected that T-tubule disruption would be responsible for a reduction in triggering of Ca 2ϩ release. Note, however, that it is not possible using this statistical approach to separate out the contribution of mean OI from OI variability, given their highly linear relationship (Fig. 3C) . It is possible, even likely, that a combination of small average decreases and increased variability in OI may both contribute to the critical slowing in TTP. We have also found that there is an increase in heterogeneity of ) . However, the strength and significance of the correlation between OI and OI SD with LV enddiastolic dimension were greater in SHRs compared with WKY rats. B: OI and OI SD correlated with ejection fraction (EF; i and ii) and GLS (iii and iv) in SHRs (i and iii) but not in WKY rats (ii and iv). In SHRs, as OI and OI SD worsened, indicating progressive T-tubule disruption, there was a linear decrease in EF and GLS. C: in SHRs, OI was also associated with tissue velocity (s=; i), isovolumic relaxation time (ii), early diastolic tissue velocity (e=; a marker of LV relaxation; iii), and the E-to-e= ratio (a marker of LV filling pressures; iv). These relationships, which are not present in WKY rats, demonstrate that increasing T-tubule disruption (i.e., reduced OI) is associated with worse (impaired) LV relaxation and higher LV filling pressures, both indicative of progressive diastolic dysfunction.
Ca 2ϩ release within myocytes during disease development, probably resulting from T-tubule disruption in different cellular regions (17). As described above, these regional differences in the timing of Ca 2ϩ release within the cell will delay both contraction and relaxation as those regions of the cell showing delayed Ca 2ϩ release will also relax later. As shown in our study, these cellular abnormalities in myocyte Ca 2ϩ handling coincide with abnormal whole heart mechanics.
Relationship of cardiac fibrosis with T-tubule organization and myocardial mechanics. Another important observation in our study is the finding that fibrosis increases as OI decreases. This is consistent with the idea that fibrosis occurs as T-tubule organization in individual myocytes falls below a critical level at which point Ca 2ϩ cycling is so severely altered that diastolic Ca 2ϩ rises, as has been previously reported. This increase in diastolic Ca 2ϩ occurs as the result of several impairments in excitation-contraction coupling (31), including hyperphosphorylation of ryanodine receptors (RyRs), causing leak from the SR, in addition to slow reuptake of Ca 2ϩ into the SR by a reduction in sarco(endo)plasmic reticulum Ca 2ϩ -ATPase function. The resulting rise in diastolic Ca 2ϩ concentration is then thought to induce both apoptosis and necrosis, possibly involving cell death as the result of mitochondrial apoptotic pathways (5, 26, 27) . The result is that myocytes with progressively reduced OI eventually die and are replaced by fibroblasts that deposit collagen and other matrix proteins, producing scarring in place of functioning myocardium.
Although prior studies (9, 16, 32, 33, 38) have found that abnormalities in myocardial mechanics correlate with cardiac fibrosis, our findings suggest abnormal myocardial mechanics occur before the development of significant cardiac fibrosis and, therefore, can signal cardiac dysfunction even earlier, at a time when T-tubule disorganization and abnormal Ca 2ϩ cycling are just developing in myocytes in response to HTN.
Strengths and limitations.
The strengths of the present investigation include the comprehensive phenotyping of cellular and whole heart structure and function (with state-of-the-art confocal microscopy and speckle-tracking echocardiography) in a large sample of SHRs across a wide range of ages. The use of the SHR instead of a TAC model of HTN is also a strength of the study given the fact that the TAC-induced abrupt rise in afterload (followed by sustained HTN), although useful for the study of cardiac hypertrophy, does not mimic human forms of HTNinduced HF (12) . The difference between acute-onset (TAC) and gradual-onset (SHR) HTN is not trivial, since a sudden, severe increase in afterload may create a nonphysiological stress on cardiomyocytes, thereby disrupting T-tubules (42) . Thus, our study of SHRs more closely mimics human hypertensive heart disease and provides a comprehensive investigation of the cellular and ultrastructural basis for abnormal myocardial mechanics in a highly clinically relevant model of gradual-onset HTN.
Despite these strengths, our study should be interpreted in the context of certain limitations, including the lack of endocardial confocal imaging, which would improve our ability to relate myocyte abnormalities to longitudinal strain (which corresponds to subendocardial fibers). We were only able to perform confocal imaging of cell ultrastructure and Ca 2ϩ transients on the epicardial surface of the LV, thus limiting our ability to extrapolate cellular results, even from large cell populations, to predict overall cardiac function. Another important limitation relates to the inability to reverse T-tubule disorganization and thereby demonstrate a cause-and-effect relationship between T-tubule disorganization, defects in Ca 2ϩ cycling, and abnormal myocardial mechanics. However, there are currently two reports of interventions, both pharmacological (4) and physiological (24) , that are known to stabilize T-tubules so that they do not become disorganized in response to stress. Finally, although T-tubule disorganization is the most likely reason for abnormalities in Ca 2ϩ transients observed in our study, we cannot exclude the possibility that abnormalities in the RyR contributed to the abnormal Ca 2ϩ transients. However, in a study of early SHRs, there were no differences in RyR density or phosphorylation of RyR (3); thus, it is unlikely that RyR abnormalities accounted for our findings.
Conclusions. Subclinical abnormalities in myocardial mechanics occur early in response to HTN and coincide with the Fig. 8 . Development of heart failure (HF) in response to hypertension (HTN). T-tubule disruption and subsequent Ca 2ϩ cycling defects occur very early in response to HTN. With the development of LV hypertrophy (LVH), these defects in Ca 2ϩ cycling lead to simultaneous reductions in systolic and diastolic myocardial mechanics, which, in turn, lead to the development of overt HF (with either preserved or reduced LV EF). development of T-tubule disorganization and impaired Ca 2ϩ cycling. These changes occur before the development of significant cardiac fibrosis and precede the development of overt cardiac dysfunction and HF. These data provide a novel ultrastructural and cellular mechanism for the development of abnormal myocardial mechanics in the setting of HTN, and they suggest that pharmacological amelioration of T-tubule disorganization may be an important therapeutic target for the prevention of HF in at-risk patients. Moreover, our results demonstrate, for the first time, that the T-tubule remodeling at the cellular level is in fact the physiological mechanism for early development of altered myocardial mechanics and that the progression of disease to overt HF occurs as a result of the fact that more cells transition from normal to abnormal T-tubule organization during maintained HTN. This is a critical observation that explains why both systolic and diastolic dysfunction develop early and progress to HF, and it raises the concept that the molecular basis for T-tubule remodeling during HTN should be the target of clinical intervention aimed at arresting and/or reversing T-tubule disruption.
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